Purpose: MR acoustic radiation force imaging (MR-ARFI) provides a method to visualize the focal spot of a focused ultrasound (FUS) beam without introducing a significant temperature rise. With conventional spoiled MR-ARFI pulse sequences, the ARFI phase always equals the motion-encoded phase. In this work, MR-ARFI using transition band balanced steady-state free precession (bSSFP) is presented, which improves the sensitivity of MR-ARFI with high acquisition speed. Theory and Methods: Motion-encoding gradients (MEG) are inserted into bSSFP sequences for MR-ARFI. By applying an ultrasound pulse during the MEG, motion-encoded phase is generated, which leads to an amplified change in the image phase when operating in the bSSFP transition band. MR-ARFI was performed on a homemade gel phantom using both the proposed technique and a spoiled gradient echo ARFI sequence with identical MEG and FUS, and ARFI images were compared. Results: The bSSFP-ARFI sequence generated an ARFI image phase that is more than 5 times larger than the motionencoded phase in a few seconds with 2DFT readout. By keeping FUS pulses as short as 1.45 ms, temperature rise was insignificant during the measurement. Conclusion: bSSFP-ARFI has enhanced sensitivity compared with conventional MR-ARFI pulse sequences and could provide an efficient way to visualize the focal spot. Magn Reson
INTRODUCTION
MR-guided focused ultrasound (MRgFUS) is an increasingly important nonsurgical medical intervention technique. By focusing the ultrasound beam, thermal and mechanical effects of ultrasound can be delivered to prescribed targets inside the human body while having minimal effect on tissue in the beam pathway. Thermal ablation with MRgFUS has been used to treat various diseases in different parts of the body (1) (2) (3) (4) (5) (6) (7) (8) . One important step before ablative treatments is to visualize the ultrasound focus for accurate targeting, which is typically performed by applying interrogation sonications to raise the temperature by a few degrees at the focal spot and measure the proton resonance frequency (PRF) shift of aqueous tissues (9, 10) . However, unwanted thermal dose is still deposited by the interrogation sonications, especially in well-perfused organs like the liver where a substantial amount of energy is needed to generate a measurable temperature rise (11) . Moreover, this method does not work in adipose tissues, for which PRF is not temperature dependent (12) .
Another technique that can be used to visualize the ultrasound focal spot is MR acoustic radiation force imaging (MR-ARFI), in which image contrast is generated by the tissue displacement induced by the ultrasound radiation force (13, 14) . This technique does not depend on PRF shift and, therefore, can be used for both aqueous and adipose tissues. When ultrasound is absorbed, a force is exerted on the tissue along the beam direction. This force is strongest at the focus and can cause displacement on the order of micrometers with typical high-intensity focused ultrasound (HIFU) transducers (13) . By synchronizing pulses of focused ultrasound (FUS) with motion-encoding gradients (MEG), spins at the focal spot experience an additional amount of precession, which shows up as a phase change in MR images. The basic motion-sensitization method used for MR-ARFI is identical to that used for MR elastography, which also requires careful synchronization of MEGs with the induced motion (15) . FUS pulses of 5-20 ms have been used in MR-ARFI experiments to generate good contrast (16) . Long repetition times (TRs) are usually used to keep the FUS duty cycle low to avoid heating and to achieve high signal-to-noise ratio. The total acquisition time can be as long as two minutes with 2DFT readout (17) . MR-ARFI using fast echo-planar imaging (EPI) readout has also been reported (11, 18, 19) . EPI readout greatly shortens the total acquisition time, but by its nature is susceptible to geometric distortions induced by off-resonance.
Balanced steady-state free precession has been proposed for functional MRI (fMRI) (20) , thermometry (21, 22) , as well as motion detection (with alternating steady state) (23, 24) . In this work, we have developed a high sensitivity MR-ARFI pulse sequence by adding MEG to a balanced steady-state free precession (bSSFP) pulse sequence (25) . The phase of transition-band bSSFP signal is very sensitive to the phase that individual spins accrue during each TR. This unique feature has been used for high sensitivity fMRI (26) and MR-thermometry (27) , because both brain activation and temperature rise can induce a change in the off-resonance frequency that leads to additional phase accumulation. In the proposed bSSFP-ARFI technique, spins at the focal spot accrue additional phase through motion encoding, and the image phase changes by an amount that is larger than the motion-encoded phase itself. We compared MR-ARFI images acquired using both bSSFP-ARFI and spoiled gradient echo (spGRE) ARFI pulse sequences in a homemade gel phantom. With identical FUS pulses and MEG, bSSFP-ARFI showed higher sensitivity and contrast-tonoise ratio (CNR) time efficiency.
THEORY
The bSSFP pulse sequence is highly efficient for fast imaging. There are no spoiling gradients and other gradients are exactly "balanced," which means the net zeroth-order gradient moments are zero along all three axes within each TR cycle (28) . Two important parameters of bSSFP are "off-resonance frequency" and "off-resonance phase," which we will refer to as f off and b off , respectively. The off-resonance frequency f off is the difference between the scanner operating frequency and the PRF, which generally varies with spatial location, and b off ¼ f off ÁTR is the phase accrued per TR due to off-resonance. Usually echo time (TE) ¼ TR/2 in bSSFP sequences.
As shown in Figure 1 , the phase of bSSFP signals is nearly constant within a large range around b off ¼ p (the "passband"), which means within a passband the transverse magnetization is almost completely refocused at TE ¼ TR/2 (29) . (Equivalently, passband can be achieved around b off ¼ 0 with 180 radiofrequency [RF] phase cycling.) The signal experiences a sudden phase change of nearly p radians over a narrow frequency range centered at b off ¼ 0 (the "transition band"). The phase of the bSSFP signal is always independent of the RF tip angle, and interestingly, a small tip angle leads to a large signal magnitude in the transition band. To perform MR-ARFI, we can insert motion-encoding gradients into the bSSFP sequence to generate an additional motion-encoded phase (Fig. 2) , where g is the proton gyromagnetic ratio, G MEG (t) is the MEG amplitude, and x(t) is the tissue displacement in response to the FUS pulse. Unlike spGRE or spin-echo MR-ARFI sequences in which the image phase f changes by exactly the same amount as b MEG , the bSSFP-ARFI sequence yields a change in f that is larger than b MEG when operating in the transition band.
Following the derivation of Brown et al. (30) for the steady-state bSSFP signal, the image phase f is determined by the off-resonance phase b off by:
where E 2 e ÀTR=T2 . The first term of Equation [1] is the steady-state phase immediately after excitation, which is the origin of the sudden phase change. The second term is the additional phase accrued at TE due to off-resonance. On the other hand, for our bSSFP-ARFI pulse sequence, spins accrue phase from both off-resonance and motion encoding, and the image phase is determined by:
The steady-state magnetization depends on the sum of b off and b MEG , as reflected in the first term of Equation [2] . The second term is the off-resonance phase accrual as in Equation [1] , and the third term is the motionencoded phase accrued at TE, which depends on whether MEG occur before or after readout. If MEG are placed before readout, spins have been motion encoded already at TE and the third term equals b MEG . If MEG are placed after readout, spins have not experienced the motion-encoded phase yet at TE and the third term is zero. The bSSFP-ARFI image phase is plotted as a We can calculate the slope of f by taking the derivative of Equation [2] with respect to b MEG :
Unlike conventional MR-ARFI that always has a phase slope of unity, bSSFP-ARFI has a phase slope greater than 1 for small b MEG (Fig. 3b , assuming b off ¼ 0). The largest slope occurs at b MEG ¼ 0. Assuming TR < < T 2 , the peak slope is:
where the plus/minus signs are for MEG before/after readout. MEG before readout is more advantageous for ARFI because a slightly higher sensitivity can be achieved. For brain imaging, T 2 values for gray matter and white matter at 3T are approximately 100 ms and 70 ms, respectively (31) , and a TR less than 15 ms can be achieved for the bSSFP-ARFI sequence. Therefore, the sensitivity enhancement can be as high as 5-7 times for small b MEG when on resonance. As b MEG becomes large, the phase slope decreases as shown in Figure 3b . It is, therefore, important to consider the range of b MEG for which df/db MEG > 1. Assume we place MEG before readout so the second term of Equation [3] is þ 1. By setting Equation [3] equal to 1 (and b off equal to 0), we calculated that the limits of b MEG for the phase slope to be greater than 1 is 6 cos À1 E2.
We also compared the theoretical CNR efficiencies of the bSSFP-ARFI (with small b MEG and b off ¼ 0) and fast spGRE-ARFI sequences. Assume the spGre sequence is operated at the Ernst angle, and it has the same TR, TE, MEG, and FUS as the bSSFP sequence. Ignoring the T 2 * effect and nonideal flip angle (FA) profile, the CNR efficiency ratio is calculated to be:
where Sen bSSFP and Sen spGre are the phase sensitivities (with Sen spGre ¼ 1), S bSSFP and Ss pGre are the signal magnitudes, a is the FA, E 2 e ÀTR=T2 , and d
, TR ¼ 15 ms, T 1 ¼ 1000 ms, T 2 ¼ 70 or 100 ms, the CNR efficiency of the bSSFP-ARFI sequence is 8 or 13 times higher. However, it is important to note that for b off 6 ¼ 0, both the bSSFP-ARFI phase sensitivity and signal magnitude are lower; therefore, the CNR efficiency gain is smaller when the operating frequency is not exactly on resonance.
METHODS
A homemade gel phantom (830 g of pudding from a local grocery store, melted and mixed with 35 g of 225 bloom gelatin powder, T 1 $ 1050 ms, T 2 $ 88 ms) was used for this study. All MR images were acquired on a 3T GE MR750 scanner (GE Healthcare, Milwaukee, WI) with a single-channel local RF coil. Pulse sequences were developed using SpinBench (HeartVista, Inc. Menlo Park, CA) and implemented on the scanner with RTHawk (HeartVista, Inc. Menlo Park, CA). All images acquired in this study were 2D, with slice thickness ¼ 3 mm, field of view (FOV) ¼ 12.8 cm, and matrix size ¼ 128 Â 128. FUS was generated by a multi-element phased-array transducer (ExAblate 2000, Insightec, Haifa, Israel). The ultrasound pulse (1 MHz; 1.45 ms) was triggered by the scanner, and its acoustic power was 54 W. MEG were oriented parallel to the net direction of FUS propagation and perpendicular to the imaging slice. Each lobe of the MEG was 2.8 ms long, and the amplitude and duration of the plateau were 50 mT/m and 0.93 ms.
The pulse sequence shown in Figure 2 was used to demonstrate bSSFP-ARFI, with FA ¼ 2 , bandwidth (BW) ¼ 391 Hz/pixel (9.2 mT/m), TE ¼ 10.0 ms and TR ¼ 14.7 ms. Scanner frequency and shimming gradients were adjusted to make the expected focal spot position on resonance. The steady-state magnetization was achieved by first acquiring a "dummy" image. A pair of images were acquired immediately afterward. The first one, which was acquired without FUS application, was used as a baseline image. During acquisition of the second image, FUS pulses were triggered at the beginning of the second lobe of MEG. The ARFI-contrast image was generated by calculating the phase difference between these two images at each pixel location:
MEGþ us off [6] where the superscripts denote the MEG polarity and the subscripts indicate whether FUS was on. The acquisition time needed for the image pair was 3.8 s. Because the FUS pulses were fairly strong and frequent, it is possible that heating could occur at the focal spot, leading to an additional off-resonance frequency shift. Thus the phase contrast generated by the bSSFP-ARFI sequence could be caused by both motion encoding and temperature rise. To isolate the temperature-induced phase change, we repeated the measurement described above but with MEG amplitude set to zero. The sequence timing was unchanged, and other MRI and FUS parameters were kept exactly the same. In this case, any image phase change was only due to PRF shift induced by temperature rise. Because the temperature-induced phase change was expected to be small, six averages were acquired to increase the CNR. Enough time ($ 30 s) was waited between the averages to allow the temperature to come back to the baseline. To map the image phase change to frequency change (to further convert to temperature rise), we measured the bSSFP phase transition curve by acquiring a series of images with the same pulse sequence at different scanner operating frequencies without FUS. This series covered a frequency range from 10 Hz below to 10 Hz above resonance in steps of 1 Hz. The image phase was plotted as a function of operating frequency and used to evaluate the temperature rise. Details of this approach can be found in Paliwal et al and Zheng and Miller (22, 27) .
To demonstrate the enhanced sensitivity of the bSSFP-ARFI technique, we also performed MR-ARFI with an spGRE pulse sequence to measure b MEG . The pulse sequence is similar to the one shown in Figure 2 , except with RF spoiling and a spoiler gradient added after the readout. MEG and FUS were kept the same as in the bSSFP-ARFI sequence. Each k-space line was sampled twice with opposing MEG polarities in consecutive TR periods before moving to the next, and FUS was always triggered at the start of the second lobe of MEG. Therefore, the temperature-induced phase will cancel after taking the difference of the image phase acquired with opposing MEG polarities. To remove any eddy-current-induced artifacts due to different MEG polarities, baseline images with both MEG polarities were acquired with no FUS (32) . Finally, the ARFI contrast image was calculated as:
Scan parameters were FA ¼ 10 , BW ¼ 50 kHz, TE ¼ 9.6 ms and TR ¼ 14.5 ms, and total scan time for the four images was approximately 7.4 s (not including "dummy" TR cycles executed immediately before the first image to help reach steady magnetization). Sixteen averages were acquired to increase the CNR. We waited approximately 30 s between averages for the focal spot to cool back to room temperature.
RESULTS
An image of ARFI contrast obtained using bSSFP-ARFI in our phantom is shown in Figure 4a . The focal spot is visible as a white spot at the center of the image, which matches the location of the intended ultrasound target. The average phase over a 2 Â 2 pixel region of interest (ROI) at the focal spot is 0.58 rad. The noise in the ARFI contrast image varies across the FOV, because the bSSFP signal magnitude depends on the amount of offresonance. Therefore, the noise at the focal spot cannot be determined directly from Figure 4a . Instead, it can be shown that the noise in the phase image equals s/S when S > > s (33), where s is the noise in the real and imaginary channels and S is the signal magnitude. We determined s by taking the standard deviation of pixel values in the real and imaginary images in regions with no object, and used the average signal intensity in the magnitude image within the focal ROI for S. The phase noise at the focal spot was thereby calculated to be 0.027 rad and 0.025 rad, respectively, for the bSSFP images with and without FUS. After taking the phase difference, noise would be ͱ(0.025 2 þ 0.027 2 ) ¼ 0.037 rad at the focal spot.
The phase difference image acquired with FUS applied but MEG nulled is shown in Figure 4b . In this case, the phase contrast is only due to temperature-induced offresonance (Db off ). The average focal spot phase in the focal ROI is 0.15 rad. We thus estimate the amount of image phase generated by motion encoding to be 0.58 -0.15 ¼ 0.43 rad. Although b MEG and Db off both contribute to the focal spot phase, their origins are quite different, and the relative contributions will vary with tissue type depending on its thermal and elastic properties.
The spGRE-ARFI contrast was calculated using Equation [7] and is shown in Figure 4c . Because we interleaved opposing MEG polarities TR by TR, it can be assumed that both images were acquired at the same   FIG. 4 . Phase contrast (radians) calculated from the bSSFP-ARFI image pair (a), the bSSFP image pair (without MEG) with 6 averages (b), the spGRE-ARFI acquisitions with 16 averages (c). Note the color scale of (c) is different from that of (a) and (b). FOV is zoomed to 4.8 cm to better show the focal spot.
temperature. Thus unlike the bSSFP-ARFI image pair, there is no temperature-related contribution to their phase difference and b MEG can be calculated directly from the phases measured at the focal spot. The average focal ROI phase was 0.078 rad. With 16 averages, the background noise was approximately 0.01 rad.
By comparing the bSSFP-ARFI focal phase and b MEG measured by spGRE-ARFI, we found the proposed approach increased sensitivity to b MEG by 0.43/0.078 ¼ 5.5 times. We also calculated the time efficiencies of the two sequences as CNR/ͱ(acquisition time). For bSSFP-ARFI, CNR ¼ 0.43/0.036 ¼ 11.9, acquisition time ¼ 3.8 s; For spGRE-ARFI, CNR ¼ 0.078/0.01 ¼ 7.8, acquisition time-¼ 119 s (including 16 averages). Therefore, with the same short FUS, MEG, and 2DFT readout, the bSSFP-ARFI sequence is (11.9/ͱ3.8)/(7.8/ͱ119) ¼ 8.5 times more efficient, due to both the enhanced phase sensitivity and bigger signal magnitude at short TR. We note here that the eight-fold increase in CNR efficiency should be considered as a demonstration of the proposed pulse sequence, rather than an accurate general result, because the CNR efficiency depends on the tissue properties as well as the implementation of the sequence like T 1 , T 2 , T 2 *, FA, offresonance, TE, etc.
The measured bSSFP phase transition curve of a voxel at the focal spot is shown in Figure 5 . Using the bSSFP thermometry technique described in Zheng and Miller (27) , the focal spot phase change in Figure 4b was analyzed to indicate a PRF shift of 0.3 Hz, which corresponds to a temperature increase of 0.24 C at 3T. Because the center of k space was sampled when half of the phase encoding lines had been collected, the temperature rise after full image collection could be around 0.48 C.
DISCUSSION
In this work, bSSFP-ARFI was introduced as a new pulse sequence for measuring FUS-induced tissue displacement, with improved sensitivity due to the rapidly changing phase in the transition band. Whereas traditional ARFI sequences have a one-to-one relationship between b MEG and the ARFI image phase, bSSFP-ARFI shows greater ARFI phase than b MEG when operating near resonance. One concern for bSSFP-ARFI is that it might be difficult to shim the field properly to put the ROI in the sensitive transition band if the ultrasound focus location is completely unknown. Fortunately, in MRgFUS, the ultrasound focus location can usually be predicted using prior knowledge of the transducer, like the geometry and phase of the elements, and the measured and expected focal spot position usually agrees within a few millimeters. If multiple bSSFP-ARFI measurements need to be performed over a long time period, compensating for the B 0 field drift may be necessary to keep the focal spot on resonance. One solution is to measure the field drift in realtime and adjust the scanner operating frequency (or phase cycling scheme) accordingly, as proposed for transition band bSSFP-fMRI (34, 35) . For in vivo applications, the bSSFP-ARFI technique is also likely to be sensitive to motion. Motion of the target tissue would inhibit the buildup of steady state, and even motion away from the target could introduce a slight field change at the target which would affect the ARFI phase shift. Such effects may be difficult to compensate for and should be considered in future in vivo applications.
For on-resonance spins, the slope of the image phase (df/db MEG ) used for bSSFP-ARFI is largest in the vicinity of b MEG ¼ 0 and decreases as b MEG becomes larger, as shown in Figure 3b . We have shown in the Theory section that, for b off ¼ 0, the bSSFP-ARFI phase slope is greater than the spGRE-ARFI phase slope (which is 1) only for jb MEG j < cos À1 E 2 , with MEG before readout. To make full use of this limited range of amplification, it is possible to introduce a small b off so that the phase transition curves in Figure 3a are slightly shifted along the x axis (Eq. [3] (Fig. 3a) . Assuming T 2 ¼ 100 ms and TR ¼ 15 ms, 2cos À1 E 2 ¼ 1.07 rad. In this case, the ARFI sensitivity can be calculated as p/1.07 % 3. For even larger b MEG that cannot be completely contained within this range, the image phase slope for part of the motion-encoded phase is less than unity (could be as low as 1/2, as shown in Fig. 3b) , and bSSFP-ARFI gradually loses its sensitivity advantage over conventional spoiled MR-ARFI sequences.
Finally, we note that, although the proposed bSSFP-ARFI pulse sequence is relatively straightforward as a qualitative technique, the nonlinear nature of the ARFI phase shift and its sensitivity to subtle field changes will present challenges for quantitative measurements of tissue displacement. However, it is worth pointing out that, by incorporating a prescan of the bSSFP transition band, it may be possible to map the image phase change to the actual amount of motion encoded phase, similar to the approach described in Zheng and Miller (27) , which addresses the issue of nonlinearity. [1] and a global phase offset. A shift along the x axis is allowed in the fit, to account for the difference between the Larmor frequency and the default scanner operating frequency, which is found to be 0.7 Hz in the data shown here. As mentioned in the Discussion section, it is also possible to shift the phase transition curve by intentionally adding an off-resonance frequency.
CONCLUSIONS
We have developed a novel MR-ARFI technique that makes use of the sudden phase change of the bSSFP signal near resonance. We have demonstrated that with careful implementation, ARFI contrast images can be generated in a few seconds. Although FUS was applied every TR (14.7 ms) during the ARFI image acquisition, the necessary pulse duration was short enough that the resulting temperature rise was negligible. The bSSFP-ARFI technique features enhanced sensitivity and high speed with robust 2DFT readout, and might provide a useful alternative to conventional MR-ARFI sequences.
